Introduction
Rapid solidification involves physical phenomena such as heat transfer, thermal stress, defect formation and microstructure evolution. The thermal stress, defect formation and microstructure evolution are usually controlled by heat transfer at given solidification conditions. The solidification conditions can be characterized by solidification parameters such as local solidification time (LST), local solidification rate (LSR) and local cooling rate (LCR). The local solidification time is defined as the time interval between the beginning and the end of solidification. The local cooling rate during solidification is represented by the difference between solidus and liquidus temperature divided by local solidification time. The local solidification rate is defined as the speed of the moving solidification front following the spatial coordinates. It is known that the secondary dendrite arm spacing (SDAS) is a promising parameter in order to establish the relationship between solidification conditions and microstructure. Several research studies have been carried out with the aim of understanding the SDAS in steels. According to theoretical investigations from the past, the following relationships between SDAS (l 2 ) and solidification parameters have been established [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] The symbols and definitions are listed in Table 1 . Material constants a n and exponents b n depend on steel composition. Corresponding values from the literature [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] are listed in Tables 2-5 .
The purpose of this paper is to identify the solidification structure and cleanliness of steels in the case of rapid solidification and to determine a relationship between secondary dendrite arm spacing l 2 (SDAS), inclusion size and solidification parameters in the case of rapid solidification.
Experimental Investigation of Rapid Solidification
The experiments to study rapid solidification of steels are May 14, 2003 ) In the present work the relations between microstructure, cleanliness and solidification parameters of the low alloyed and high alloyed steels in the case of rapid solidification have been investigated. Rapid solidification was investigated experimentally under laboratory conditions by immersion of a cold copper rod into a steel bath. Samples from the frozen steel shell were investigated under an optical microscope. As a structure-relevant characteristic, the secondary dendrite arm spacing (SDAS) and the nonmetallic inclusion diameter have been obtained as a function of the distance from the contact area and the solidification conditions. KEY WORDS: rapid solidification; secondary dendrite arm spacing; nonmetallic inclusions; inclusion diameter; local solidification time; local solidification rate; local cooling rate; local solidification heat flux density; low alloyed steel; stainless steel; TRIP steel. based on the immersion of a cold copper rod into a steel bath, Fig. 1 . If a cold solid is immersed, a shell of frozen metal forms immediately around the solid. This kind of solidification is called inverse solidification. The copper rods were 30 mm in diameter and 120 mm in length. The immersion depth at final immersion was 80 mm. A thermocouple was installed for temperature measurement inside the copper rod, Fig. 2 . The steels and alloys were premelted in a vacuum induction furnace using an alumina crucible, Fig.  3 . The charging weight of the steel melt amounted to 25-30 kg in one experiment. The steel melt was deoxided by addition of pure aluminium. The steel bath temperatures were controlled by a Pt-PtRh thermocouple inserted in an alumina sheath. Immediately before immersing the rod, the energy input of the furnace was switched off and the bath temperature was measured. The time of immersion and the pull-out speed of the copper rod were not measured in the present work. The rod was immersed, held for a certain time in the steel bath and pulled out. The rod with the frozen steel shell was cooled in air or water and its thick- 
Microstructure of Steel after Rapid Solidification
The samples were taken from the frozen shell for metallographic preparation and investigation under the optical microscope. The measured areas were perpendicular to the heat flux. The solidification structure of the obtained samples is indicated by a fine dendritic structure, examples of the results of SDAS measurements are shown in Fig. 6 . SDAS was found to vary with the distance from the contact area and was smaller at the inner surface than at the outer surface of the samples. Measurements of the secondary dendrite arm spaces ranged from 2-4 mm near the contact area between the frozen steel shell and the copper rod (inner surface) to 12 mm near the outer surface in the case of the low-alloy steel St 24. The coefficients for the relationship between SDAS and the coordinates are listed in Table 8 .
Inclusions
Nonmetallic inclusions (NME) are of great importance in view of product quality. The steel should be basically free of inclusions of critical size. Inclusion separation, which takes place to a certain extent in the mould of conventional slab casting, has to be performed during rapid solidification. The inclusions are usually divided in two groups. The first group comprises macro-inclusions which may consist of refractory particles, entrapped slag or clusters formed by small inclusions. The second group comprises micro-inclusions which are formed by the deoxidation process during solidification. They are too small to be separated by floating. The inclusions are influenced by the solidification parameters, too. It is known from the literature, for example, that for Ti-killed low carbon steels, the cooling rate has a great impact on the number of oxide inclusions in a unit volume. 21) The cleanliness of steels in the case of rapid solidification was obtained from laboratory studies. Examples of inclusions are given in The empirical coefficients aЈ 5 and bЈ 5 are listed in Table 9 . The inclusion diameter increases with the distance from the contact area, however the number of inclusion decreases, Fig. 9 .
Solidification Model
For the determination of a relationship between SDAS and NME size and solidification parameters, the latter ones must be available. To solve this problem, a solidification model was developed. (7) where T Cu and T SS are the temperatures at the contact area of the copper rod surface and the frozen steel shell [K], respectively. The best agreement between the measured and calculated temperatures is found according to a heat transfer coefficient a SS-Cu of 40 [kW/m 2 · K], Fig. 10 . Because of the sharp change of the heat transfer along the distance from the contact area between the frozen steel shell and the copper rod (further named contact area) the solidification parameters change strongly with this distance, Fig. 11 and Table 10 . For example, the local solidification rate decreases from 10 4 to 0 mm/s. The solidification parameters depend on the steel bath material. This difference is explained by the different thermal properties and liquidussolidus ranges of the investigated steels.
Relationship between SDAS, Oxide Cleanliness and Solidification Parameters
In Figs. 12 and 13, SDAS and inclusion diameter are represented as a function of the solidification parameters which have been calculated according to the developed solidification model. With an increased local cooling rate, local solidification rate and local solidification heat flux density the, SDAS and inclusion diameter decrease. But with an increased local solidification time the SDAS increases. The relationship between SDAS and local solidification heat flux density can be written as The experimentally determined constants a n and b n in this The constants aЈ n and bЈ n are listed in Table 12 .
The local cooling rate and local solidification time were obtained from the measured SDAS according to a relationship from ref. 8) does not correspond to the immersion experiments. At extended local solidification times, the immersed body and frozen steel shell can be melted. The difference between the solidification parameter from literature data and the present investigation is explained by the different solidification conditions. The existing relationships up-to-date between SDAS and solidification parameters are valid only for the case of slow solidification in continuous casting or ingot casting. But the relationships in the present work were obtained for the case of the rapid solidification.
Conclusions
Rapid solidification has been investigated by immersion of a cold body into a steel bath. This simple method allows to determine the solidification parameters for various accelerated casting and solidification processes. Samples of different steels from the experimental simulation of rapid solidification have been microscopically investigated. The thickness of the samples was between 4 to 7 mm. The solidification parameters have been calculated using a newly developed solidification model. The extremely fine solidification structure is identified by the SDAS. Small micro-inclusions of uncritical size below 1 mm are found. The SDAS and inclusion diameter have been expressed as a function of the distance from the contact area and of the solidification © 2003 ISIJ Table 11 . Constants a n and a n in the relationships between SDAS [mm] and solidification parameters. parameters.
